A mathematical model to simulate continuous gasification of coal particles in a bubbling fluidized bed reactor (FBR) is presented. Material and energy balance equations have been formulated based on the two phase theory. Well known correlations have been used to estimate the hydrodynamics. Devolatilization, heterogeneous reactions and homogenous reactions have been included in the model. The model is used to simulate twenty nine experimental data sets from the published literature. The model predictions agree very well with the experimental data by adjusting the particle size. After establishing agreement with the data, the model was used to investigate influence of various operating parameters on overall performance (carbon conversion and the gross calorific value of generated gas). Thermodynamic analysis (using the minimization of the Gibbs free energy approach) has also been discussed. The presented model and results provide useful tool and insight on design and operation of fluidized bed gasifier.
Introduction
India boasts of 7.1 % of world's total coal reserve 1 , 70 % of the total power generated in India is from coal-fired power plants 2 . As reported by various organizations [3] [4] [5] , India faces around 10-13 % deficit in terms of energy supply to demand. With its relatively comfortable resource base compared to limited known oil & gas resources; coal is the obvious, affordable and sustainable choice for generation of electricity. Therefore, India's power development programme is heavily dependent on coal and its quality is an important parameter that influences the performance of the power stations. Conventional technologies based on the coal combustion process are low on efficiency and release green house gases such as carbon dioxide, sulphur dioxide and nitrogen oxides. Looking at the scenario where high demand of energy is forecasted 6 , it is essential that India looks toward other technologies also termed as clean coal technologies 7, 8 . Thereby, development of means to convert coal from its native form into useful gases and liquids in ways that are energy efficient, non-polluting and economical is key in fulfilling the needs of our society 9 . Coal gasification has been regarded internationally as an effective way for clean use of coal especially for the production of energy and also production of synthetic chemicals 10 .
Research and development on gasification with high ash coal (Indian coal) needs to be a priority area. There are various technologies developed and used worldwide for coal gasification including moving bed , fluidized bed (bubbling and circulating fluidized bed) and entrained bed gasifier being the prominent ones 11 .Among this moving bed and the fluidized bed are considered more apt for handling high ash coal 12 . Fluidized bed has certain advantages over moving bed i.e. scaling and environmental issues. Moving bed gasifier generate tarry products whereas fluidized bed gasifier yield only gaseous product as the volatiles get cracked up facilitating more environment friendly products and also easier plant operation 13 .The other advantages of fluidized bed gasifier are well documented 14 i.e. good gas solid contact, excellent heat transfer characteristics, better temperature control, large heat storage capacity, good degree of turbulence and high volumetric capacity. Mathematical models are efficient tool to allow quantitative representation of the physical processes occurring and also are useful in the designing, optimization and control of processes. In this work we have developed a mathematical model for the gasification of high ash Indian coal.
Modeling of biomass gasification 15, 16 and coal gasification 17 in fluidized bed has been reviewed recently. Modeling of fluidized bed can be segregated into three approaches; Thermodynamic models (See Table 1a ), data driven models 18 and rate based models. Rate based models are of further two types i.e. chemical reaction engineering models (CRE) (see Table 1b ) in which the momentum equations are not explicitly solved (instead semi empirical correlations are used to describe the gas solid hydrodynamics) and Computational Fluid Dynamic (CFD) models [19] [20] [21] [22] in which the momentum equations are explicitly solved but are computational very expensive 15 . Thermodynamic models do not take into account the chemical reactions or the hydrodynamics into consideration but calculates the equilibrium composition of a system at a particular operating condition by minimizing the Gibbs free energy. The previous attempts to model the fluidized bed gasifier have been listed in Table 1a -b. It can be inferred from Table 1a that thermodynamic models or modified thermodynamic models show good match with experimental data for biomass/coal gasification in downdraft, entrained bed and fluidized bed gasifiers. Various authors 23, 24 have used the quasi equilibrium temperature i.e. the equilibrium of the reactions defined in the model are evaluated at the temperature which is lower than the actual process temperature while some authors [25] [26] [27] [28] [29] [30] have used coefficients for correcting the equilibrium constants of the water gas shift and the methane reaction for better comparison with experimental data. There have been attempts 25, 31 for coal gasification wherein the input of carbon to the model is equal to the actual carbon conversion reported and the same showed good match to the experimental data. Thermodynamic models give a fair idea into the limits of operation and also the qualitative change in the outlet gas composition and generation rate with change in various operating parameters 17 . CRE models are formulated on the first principles of conservation of mass and energy balance, in these models the gas-solid hydrodynamics (by use semi-empirical correlations) and complex chemical reactions are taken account of; hence are more realistic. Table 1b lists the review of previous works in CRE modeling of FBG. 32, 33 . Most previous models have modeled the emulsion phase gas as a continuously stirred tank reactor (CSTR) or a plug flow reactor (PFR) and the bubble phase as a PFR. In this study we have modeled the bubble phase gas as a series of mixing cells wherein the number of CSTR is a modeling parameter. A comparison studies wherein the effect of mixing of gas in bubble phase has been done by varying the number of mixing cells. A thermodynamic analysis of coal gasification was done using process simulator Aspen Plus. An exhaustive set of 29 experimental data reported 34 for two different types of coal were simulated with the developed models. A comparison between the CRE model and the thermodynamic analysis has been done in order to understand the role of gassolid hydrodynamics and the chemical reactions in the gasifier. Such a comparison has not been previously been reported. We have further used the model to carry out sensitivity analysis with respect to various parameters such as feed composition (air and steam) and coal feed rate. This work shall serve us a step towards developing a mixing cell framework 35 .
Thermodynamic Model
Thermodynamic analysis of gasification can be carried by two methods viz. stoichiometric 36 and non-stoichiometric approach 37 . In this work we have used the latter approach using the RGIBBS module of the process simulator Aspen Plus
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. The schematic representation of the model developed in Aspen plus can be seen in Figure 1 . A Splitter module was used in the model to control the carbon input to the RGIBBS module. Two sets of simulations for each experimental dataset were carried out. In one simulation the carbon inlet to the RGIBBS module was set equal to carbon content of coal (as per ultimate analysis) while in the second set it was set equal to the carbon conversion reported in the experimental results. First, the model implementation was verified by reproducing the published results
. 3. The Heterogeneous reactions are assumed to take place only in the emulsion phase while gas-gas reactions are assumed to occur in all the phases i.e. emulsion, bubble and vapour.
4. Emulsion phase gas and solids are modeled as a CSTR to take into account back mixing due to the movement of solids in the bed.
5. Vapour phase is also modeled as a CSTR.
6. Devolatilization reactions are assumed to occur instantaneously on entry to the bed and produces volatiles and char in the emulsion phase, the fractions of the gases are found by elemental balance. Volatiles are assumed to be uniformly distributed in the emulsion phase considering that the solids are well mixed. The amount of heat liberated during devolatilization reaction is neglected. 8. The solids are assumed to be uniform in size and spherical in shape.
CRE Model Equations
The mathematical model consists of overall mass balance for the phases, mass balance equations written for each species and energy balance for different phases for the reactor. The approach and the detailed equations have been included in APPENDIX A.
To model the fluid dynamics in the fluidized bed; empirical/semi-empirical correlations have been employed. These correlations describe the important dynamics of the bubbles, Bubbles play an important role in the gas solid flows occurring inside the fluidized bed, and they are responsible for the movement of the solids. Thereby, the role of bubble velocity, bubble diameter and the bubble voidage in the system play an important role in the overall performance of the gasifier. Various correlations were reviewed to calculate the bubble diameter, bubble voidage, bubble velocity and mass transfer coefficient. The set of correlations used in the model has been listed in Table 2 . The prediction of volatilized components (R1) from coal is difficult not only due to its versatile nature but also due to the fact that it depends on number of factors , including heating rate , pressure, particle size and temperature
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. Few studies have considered using correlations to find the fraction of gases released during this reaction 33, 40 , while few have considered elemental balance (linking the same to the Ultimate and Proximate Analysis) to find the fractions of gases released from the devolatilization step. Kaushal et al. 41 have considered the elemental balance and also have considered the amount of char produced as a modeling parameter. In this model, we have considered the elemental balance approach 39, 42 to find the fractions of gases released and considered the fixed carbon released as the amount of char released during the devolatilization of coal. Regarding the kinetics of the reaction there are two approaches, one is to assume the kinetics reported in literature or assume that devolatilization occurs instantaneously. Considering the fact that the devolatilization occurs much faster than the gasification reactions and also that the reactor is operating at a very high temperature (1100-1200 K), devolatilization has been assumed instantaneous 33 . The distribution of the devolatilized gases is distributed evenly across the emulsion phase. The rate expression for the heterogeneous and the homogenous reactions taken from literature has been listed in Table 3 . 
Results and discussion
The simulation results of the thermodynamic and CRE models described in the above section . 18 experiments conducted with Rajmahal coal and the 11 experimental data reported with North Karanpura (NK) coal reported in the paper were used as inputs for this model. The input details and the proximate and ultimate analysis of the coal can be found in Table 1 
CRE Model
The effect of number of mixing cell in bubble phase on CGE and X was studied. As can be seen in Figure 4a that as number of mixing cells in bubble phase increases it leads to slight increase in carbon conversion and CGE and no effect after mixing cell were more than two.
Results showed that the amount of the hydrogen in the product gases very slightly higher as the number of bubble phase increase, this is due to the increase in mass transfer of steam from bubble phase to emulsion phase leading to higher hydro-gasification reaction and hence higher gasification and CGE. The increase in CGE and X being very minor; for further simulations the number of mixing cells for bubble phase was set equal to one.
Figure 4a:
Effect of bubble gas mixing on CGE and X
The diameter of particle (dp) have been reported in the experimental data to be between 0-3 mm, thereby in this model dp is calculated using the relation as shown in Equation (5) wherein dpo was used as a modeling parameter.
Simulations were carried out for a single experimental dataset by varying the values of dpo and as can be seen from the Figure 4b , as the diameter of particle increase the X and CGE decreases. The dpo were varied in order to minimize the objective function as in Equation (6).
The optimized dpo was then used to run for the remaining 17 and 10 experimental data set. The diameter of particle was found optimized at 1.7 mm for 18 experimental data set with Rajmahal coal and 1.5 mm for the 11 experimental data set with NK coal. Using the values of experimental data of fash and fC . It was found that there was not much variation in dp for the 18 and 11 experimental datasets for the same value of dpo . 
Influence of operating parameters
Increase in coal feed rate leads to decrease in the carbon conversion and also leads to a decrease in the coal gas efficiency of the gas releasing out of the system (see Figure 7a) . It is obvious for with increase in the coal feed rate more amount of carbon enters the system for the same amount of oxygen leading to lower carbon conversion and syngas composition in the product gases leading to lower cold gas efficiency.
Figure 7a:
Influence of coal feed rate to the carbon conversion and the cold gas efficiency
As the steam feed rate increase the amount of steam increases in the system there is slight increase in the carbon conversion and the cold gas efficiency as shown in Figure 7b , this is due to the fact that as the amount of steam increases, it leads to higher hydro gasification reaction.
Figure 7b:
Influence of steam feed rate to the carbon conversion and the cold gas efficiency
It was observed that though the influence of operating parameters to X and CGE is in agreement with the experimental observation
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. We also carried out the simulation to check the effect of bed temperature and air feed rate on the X and GCV and the results were compared with a different set of experimental setup 45 as shown in Figure 7c . It can be observed that as bed temperature increases it lead to higher carbon conversion and GCV and is in good agreement with the reported experimental results. Figure 7d shows that as the air feed rate increases the amount of oxygen increases leading to higher carbon conversion and also decrease in the cold gas efficiency. This trend is obvious as with increases in air more particles come in contact with oxygen leading to higher conversion and the syngas viz. CO and H2 combusting to CO2
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